This study compared the dewatering properties of aerobic granular and activated sludge from full-scale wastewater treatment plants, and determined how polymer dose and type affect granular sludge dewatering efficiency. At the same dose, granular sludge filtration cake had about 4% lower humidity than activated sludge cake. Aerobic stabilization improved only activated sludge dewatering. The granular sludge reactor had over 1.5 times more extracellular polymeric substances (1.8 times more alginate) per reactor volume than the activated sludge reactor, but the high polymer content did not decrease granular sludge dewatering. Granular sludge dewatered best with FLOPAM EM 840MEB, due to its composition (n-alkanes, isoalkanes, cyclic/aromatic hydrocarbons). With this polymer, sludge cake moisture was lowest (84.7 ± 0.4%) at 1.6 g polymer/ kg MLSS. With all tested polymers, the lowest dose (0.2 g/kg MLSS) ensured low cake humidities; this dose was far lower than typical doses for activated sludge dewatering. Upgrading from activated to granular sludge technology significantly facilitates excess sludge management.
Introduction
Dewatering of excess sludge has attracted much attention because it substantially affects the final volume of sludge before storage and transportation, and it diminishes the amount of bulking agents that are added during composting or energy usage for drying or incineration of sludge. The low dewaterability of excess sludge means that capital and operating costs may account for up to 60% of the total costs of wastewater treatment (Wang et al. 2017) .
The most commonly used type of biomass in sewage treatment systems is activated sludge (AS), but this is being gradually replaced with aerobic granular sludge (GS). Granules are dense and compact aggregates of microorganisms that are formed in GS batch reactors (GSBRs) as a result of spontaneous immobilization without the support of a carrier. GS is characterized by a spherical shape, an irregular or smooth surface (depending on the type of organisms in the granules), a layered structure ensuring simultaneous nutrient removal, and a high resistance to toxins. The specific gravity of the GS is higher than that of AS (0.997-1.010 kg/m 3 ) and varies from 1010 to 1017 kg/m 3 (Nancharaiah and Reddy 2018) , which also translates into better settling properties. GS is also characterized by lower hydration (94-97%) than AS (> 99%) (Linlin et al. 2005) .
Extracellular polymeric substances (EPS) secreted by bacteria play an important role in building the skeleton and ensuring the integrity of the granules (Adav et al. 2008) , and determine sludge properties such as surface charge or hydrophobicity (Ruiz-Hernando et al. 2013) . EPS in biomass can be separated into two main fractions: soluble EPS (SOL-EPS) and bound EPS (Yu et al. 2008) . SOL-EPS can move freely between the flocs and the surrounding solution, while bound EPS form a separate layer coating the biomass. Bound EPS can be further divided into loosely bound (LB-EPS) and tightly bound (TB-EPS) EPS. The main components of EPS are polysaccharides, proteins and DNA (Sheng et al. 2010) , and for sludge dewatering, the relative amounts of these components are more important than their total amount (Neyens and Baeyens 2003; Li and Yang 2007) . EPS may entrap water, so a high content of EPS in the biomass may decrease sludge dewaterability (Liu and Fang 2003) . Various factors have modified the effect of EPS on dewaterability. Inoculation of sterilized excess AS with spores of the filamentous fungus Talaromyces flavus S1 improved dewaterability, due to the degradation of slime and LB-EPS (Liu et al. 2017 ). Methane addition also improved sludge dewaterability by causing the release of interstitial and bound water (Xu et al. 2018) . A high content of proteins in EPS in AS improved sludge dewaterability, whereas addition of proteolytic enzymes caused the sludge to disintegrate and worsened dewaterability. In contrast, the content of carbohydrates in EPS did not have an effect on dewatering (Higgins and Novak 1997; Liu and Fang 2003) .
To change the properties of sludge for faster and more effective removal of water, sludge can be conditioned with high molecular weight synthetic chemicals (polymers/flocculants). These substances lower the electrokinetic potential of negatively charged colloids and accelerate the formation of macromolecules. The use of polymers reduces the forces that bind water to the sludge, improves deodorization in centrifuges or filter presses, and increases the dry mass of the sludge cake. However, the type and dose of polymer should be precisely chosen. The use of large amounts of chemicals as conditioners for sludge disposal is disadvantageous because they are costly, they may cause corrosion, they pose an ecological risk when applied to land and they can worsen the biological treatment of sludge (Wang et al. 2017) .
Cationic polymers usually have a molecular weight of 10 4 -10 7 Da (Daltons), whereas anionic polymers usually have a molecular weight of 10 4 -10 5 Da. Cationic polymers are used more frequently because particles suspended in wastewater typically have a negative surface charge (Łomotowski and Szpindor 2002) . The doses of polymers used for dewatering of excess AS can vary widely, from 1 to 12 g/kg MLSS (Bień and Wystalska 2011) , but in field applications, they most commonly range from 4 to 12 g/kg MLSS (Project PURE 2012).
The effectiveness of polymer-supported dewatering of AS depends on the temperature, the pH of the polymers, the type of sludge (primary, excess, mixed), the type of sludge processing (raw, fermented, aerobically stabilized) and the polymer dose (Zhang et al. 2010; Zheng et al. 2013; Niu et al. 2013) . Information on dewatering of GS and the effect of unit processes on dewatering of this kind of biomass are limited. Zhou et al. (2011) investigated how dewatering of GS from a lab-scale GSBR depended on their size. The granules were divided into fractions < 1.0 mm, 1.0-2.5 mm, 2.5-3.5 mm and 3.5-5.0 mm. Dewatering proceeded more quickly with granules than with AS, both with and without the addition of 1% polyacrylamide as a flocculant. In contrast to the granules studied in Zhou et al. (2011) , those in GS from technical installations usually have diameters up to 1 mm (Yang et al. 2016; Świątczak and Cydzik-Kwiatkowska 2018) , and they are not separated into separate size fractions before dewatering. Thus, further studies are needed to better understand GS dewatering in full-scale facilities.
Therefore, the aims of this work were to compare the dewatering properties of raw and aerobically stabilized GS and AS from full-scale batch reactors taking into consideration polymer content in both types of biomass and their morphology, and to determine how the dose and type of polymer affect the efficiency of GS dewatering. The study was conducted in 2018 in northeastern Poland. The results can serve as guidelines for designing systems for dewatering excess GS on a technical scale.
Materials and methods

Excess sludge
Samples of AS and aerobically stabilized AS were collected from the constantly aerated batch reactor and from the aerobic stabilization tank, respectively, of the municipal WWTP in Janowo (Poland). Samples of GS and aerobically stabilized GS were collected from the constantly aerated GSBR and the aerobic stabilization tank, respectively, of the municipal WWTP in Lubawa (Poland). Both WWTPs are operated at moderate loading, and the cycle lengths of the batch reactors are about 5 h, of which the decantation/ reactor filling phase lasts for 45 min, and settling lasts for 25 min. The volumetric organic loading rates of the WWTP in Lubawa and Janowo are about 2.0 kg COD/(m 3 day) and 1.5 kg COD/(m 3 day), respectively.
Experimental procedure At first, the experiments comparing the efficiency of dewatering of AS and GS and aerobically stabilized AS and GS were conducted. In these experiments, FLOPAM EM 840 MEB (abbreviated as FLOP) polymer (Korona, Poland) was used. 1 mL of FLOP was diluted in 1 L of distilled water, and the flocculant solution was added to excess sludge at a dose of 1.6 g of polymer/kg MLSS. (The dose was chosen based on the results from the experiments described below.)
Next, the experiments on dewatering of aerobic GS were done using three different polymers at different doses. Polymers FLOP and PRAESTROL k 255 l (abbreviated as PRA) (Ashland Deutschland GmbH Environmental and Process Solutions) were diluted in distilled water at a ratio of 1 mL polymer to 1 L of water. In contrast, a stock solution of polymer FLOCCULANT F-290 (abbreviated as FLOC) (SNF Floerger, France) was prepared by completely dissolving 1 g of the powdered polymer in distilled water and then incubating the resulting solution for 24 h prior to use. The polymer solutions were added to excess GS at doses of 0, 0.2, 0.4, 0.8, 1.2, 1.6, 2.0 and 4 g of polymer/kg MLSS. The flasks were stirred for 1 min at 100 rpm. The properties of polymers are summarized in Table 1 .
Analytical methods
The vacuum filtration method (VFM) was selected to measure the dewaterability of sludge. In VFM, sludge (25 mL) was poured into a standard Buchner funnel fitted with a prewetted filter paper (Whatman #1). To determine the specific resistance to filtration (SRF) of the sludge, a vacuum of 50 kPa was applied after 1 min of gravitational drainage. Both the filtrate volume and the filtration time were recorded until no additional water flowed out of the sludge. SRF was calculated using an Eq. 1 (Eckenfelder and William 1989) :
where F is the filtration area; b is the slope of line showing the relationship between filtration time and filtrate volume; C is the weight of solids per unit volume of filtrate; P is the pressure of filtration; n is the viscosity of filtrate. The dry mass of sludge and the water content of the sludge cake trapped by the filter paper were measured in accordance with standard methods (APHA 1998). Each dewatering was performed in duplicate, and mean values and standard deviations were calculated. Three fractions of EPS were isolated from the dewatered AS and GS as described in Pellicer-Nàcher et al. (2013) . SOL-EPS was the fraction remaining in the supernatant after centrifugation (12,000 g, 15 min, 4 °C). Then, the pellet was resuspended by adding PBS buffer up to the initial volume, vortexed (4 min, 40 Hz) and centrifuged (12,000 g, 15 min, 4 °C), after which, the supernatant contained LB-EPS. Finally, TB-EPS was extracted according to Frølund et al. (1996) using a cation exchange resin. The concentrations of proteins and carbohydrates in the three fractions of EPS were measured according to Frølund et al. (1996) using Lowry and Anthrone methods. The total EPS in each fraction was expressed as the organic fraction after incineration at 500 °C (APHA 1998). Alginate in biomass was measured according to Lin et al. (2010) with slight modification. One gram of MLSS was homogenized using Ultra Turrax T25 basic IKA-WERKE for 4 min at 9.500 L/min, and then incubated for 1 h at 70 °C in 0.2 M Na 2 CO 3 . Biomass was then centrifuged at 12,000 rpm for 20 min. Reaction of the supernatant was adjusted to a pH of 2 using 0.1 M HCl. Supernatant was centrifuged at 12,000 rpm for 20 min, and the sludge was dissolved in 0.1 M NaOH. Alginate was precipitated using cold EtOH adjusting the solution to 80% (vol/vol).
The particle size of dewatered sludge was measured using the wet sieving method with a Retsch unit (AS 400) as described in Cydzik-Kwiatkowska et al. (2009) . 
Results and discussion
Comparison of dewatering of AS and GS
The basic difference between GS and AS is their morphology. GS is a consortium of microorganisms aggregated in compact spherical shapes, while AS consists of loosely connected clusters of bacteria. In this study, the analysis of the GS morphology showed that nearly 80% of granular biomass was made of granules with diameters of 90-354 μm; granules that were larger than this constituted about 10% of the biomass. In AS, over 80% of the biomass was composed of flocs with a diameter of 89 μm or less, and 95% of the biomass consisted of flocs with diameters up to 124 μm (Fig. 1) . According to Christensen et al. (2015) , AS with compact flocs without single cells and dissolved EPS demonstrated high dewaterability.
One of the most important aspects influencing sludge dewatering is its initial humidity. Lower initial humidity of raw and conditioned AS caused the effectiveness of dewatering of sludge to increase after addition of polymer (Jagoszewski and Świderska-Bróż 2000) . In this study, the humidity of the raw GS was lower than that of the raw AS (about 99%), but the humidities of both aerobically stabilized sludges were similar-about 98% (Fig. 2a ). Dewatering of raw and aerobically stabilized GS without polymer resulted in a cake with a moisture content of about 88%. Aerobically stabilized AS dewatered better than raw AS but the humidities of both sludge cakes were much higher than that of GS. During dewatering of raw AS, the SRF was an order of magnitude higher than during dewatering of raw GS although this difference was smaller with aerobically stabilized sludge.
Addition of polymer (1.6 g/kg MLSS) caused an immediate change in the structure of sludge, which was visible both to the naked eye and under a microscope (see Supplementary Materials). Addition of polymer decreased the humidities of sludge cake of raw GS and AS by 1.5 and 3%, respectively, in comparison with the humidities of unconditioned sludge, but it did not influence the dewatering of both aerobically stabilized sludges. At the same dose of polymer, the humidity of the stabilized GS sludge cake was 5.0% lower than the stabilized AS, which in practice, means that, after dewatering, a ton of GS will occupy over 13% less volume than a ton of dewatered AS. After addition of polymer, the SRF of raw and stabilized GS and of stabilized AS more than doubled (Fig. 2b) , but the SRF of raw AS decreased.
After addition of polymer, humidity of sludge cake was higher for stabilized biomass although the overall SRF was lower for both types of sludge. Higher humidity may result from the fact that during aerobic stabilization content of EPS in sludge increases with time ) that causes water storage in EPS inside the flocs and granules. Lower SRF, on the other hand, resulted from better aggregation of biomass in larger structures due to increased hydrophobicity of cells under starvation conditions (Di Iaconi et al. 2006 ).
An EPS content in biomass over 35 mg/g MLSS reduces its dewaterability (Liu and Fang 2003) . The average total content of individual fractions of EPS in AS and GS, as well as the content of polysaccharides and proteins in individual fractions of EPS, is presented in Table 3 . Regardless of the type of the biomass, the EPS content increased with the degree of binding of EPS to biomass. SOL-EPS content in reactors with both types of biomass was similar. The total content of LB-EPS in aerobic granular sludge reactors was about 1.3 times higher than in activated sludge reactors, and the total content TB-EPS in GSBR was almost two times higher.
In both types of biomass, polysaccharide content was lowest in SOL-EPS, probably because polysaccharides are one of the most attractive substrates for microorganisms and are easily sorbed from the solution. TB-EPS contained over 3 times more polysaccharides in GS than in AS.
In all fractions of EPS, protein content was about 1.5-2.5 times higher in GS than in AS. Increased protein content in granules reduces sludge hydration, but it also leads to clogging of pores and loss of stability in granules (Corsino et al. 2016) . The content of proteins in EPS may also decrease the dewaterability of sludge , as can a high proteins to polysaccharides (PN/PS) ratio ). SOL-EPS in GS had a PN/PS ratio of about 6.0, whereas SOL-EPS in AS had PN/PS ratio of about 2.3. LB-EPS in both types of biomass had a PN/PS ratio of about 1.5. TB-EPS contained the majority of proteins and polysaccharides: 76% and 75% of all the polysaccharides and proteins in EPS in GS, and about 55% of these substances in EPS in AS. The PN/PS ratio in TB-EPS was about 2.3 and 3.3 in GS and AS, respectively. The fact that, in both AS and GS, over 70% of proteins were present in the biomass in TB-EPS, diminished the negative effect of proteins on dewatering. It was observed that sludge flocculation rate, settling capacity, compressibility and dewatering positively correlate with the LB-EPS content, but not will the TB-EPS content (Yang and Li 2009 ).
The amount of SOL-EPS and LB-EPS per unit of biomass was higher in activated sludge while the content of TB-EPS per unit of both GS and AS was similar (Table 2) . Predomination of SOL-EPS and LB-EPS in activated sludge may decrease dewaterability of AS because SOL-EPS and LB-EPS are regarded as the EPS fractions that have the greatest effect on sludge dewatering (Li and Yang 2007; Yu et al. 2008) . Removal of SOL-and LB-EPS decreased the CST by about 48.1% (Liu et al. 2017) . Dai et al. (2018) indicate that the addition of modified phosphogypsum to AS releases LB-EPS to SOL-EPS, which results in better dewatering effects.
Alginates are a family of extracellular exopolysaccharides produced by algae and bacteria (Rehm 2009 ) that contribute to the gel-like structure of granules (Draget et al. 2000) . In this study, the content of alginate per liter of excess AS was about 184 mg, whereas the amount of alginate in GS was over three times higher ( Table 2) . Amount of alginate per g of MLSS was over 2 times higher in GS (86.0 ± 11.2 mg/g MLSS) in comparison with AS (49.0 ± 9.0 mg/g MLSS). Although the content of alginate in GS was higher than in the AS, the overall dewatering properties of the granules were better. This indicates that it is not the content of alginate but rather the compact spherical structure of granules was the main factor affecting water removal from GS.
Impact of type and dose of polymer on GS dewatering
In this study, high molecular weight, strongly cationic polymers were used. Although flocculation is efficient with a low dose of higher molecular weight polymers, the strong electrostatic repulsion creates elastic flocs that contain a large amount of water, making dewatering more difficult. In contrast, higher doses of lower molecular weight polymers create less elastic sludge that can be more efficiently dewatered (Saveyn et al. 2005a ).
In the present study, lower sludge cake humidity was not associated with higher polymer dose. Figure 3 shows the effect of the dose and the type of polymer on dewatering of aerobically stabilized GS. The humidity of the sludge before dewatering was 97.4%. FLOP ensured the best results Bien and Bien (2014) of GS dewatering, and the humidity of the sludge cake was about 86-88%, except at a dose of 1.6 g/kg MLSS, when the humidity decreased to 84.7 ± 0.4%. The good performance of FLOP could be due to the fact that it contains aromatic hydrocarbons, isoalkanes, n-alkanes and ethoxylated isotridecanol (Safety data sheet FLOPAM EM 840 MEB). The presence of aromatic groups facilitates hydrophobic interactions between the polymer and the surface of the particle, which enhances the adsorption process. Furthermore, the structure of this polymer, which is more highly branched than the other polymers, enables it to adsorb more particles and form denser particle conformations (Mierczynska-Vasilev et al. 2013) . Such properties turned out to be the most desirable for GS dewatering. FLOC decreased humidity to about 88%, except when it was added at a dose of 0.8 g/ kg MLSS-at this dose the humidity of the sludge cake increased to over 92%. With PRA, humidity also exceeded 92% at doses of 0.8 and 1.2 g/kg MLSS, whereas the sludge was most effectively dewatered at the lowest dose of 0.2 g/ kg MLSS. FLOP enabled very good dewatering of GS to about 85% humidity even at the lowest dose of 0.2 g/kg MLSS. This dose is only 20% of the minimum dose that has been reported effective for AS dewatering (Table 3) . Many experimental works show that polymer doses for efficient dewatering of AS need to be very high. Maliga et al. (2009) studied the effectiveness of dewatering of excess AS (96.9% humidity) using a laboratory gravity filter. They noted that the use of high molecular weight FLOERGER type 4650 cationic polymer at doses lower than 6 g/kg MLSS prevented the dewatering of the flocculated sludge via the filtering fabric. The optimal dose of polymer was 10 g/kg MLSS; at this dose, the sludge was dehydrated to 95% humidity after 10 s of dewatering. The highest doses of polymer, 15 g/kg MLSS and 20 g/kg MLSS, decreased the humidity to approximately 95.7%. In studies on dewatering of stabilized AS with the use of Zetag 7631 polymer, the optimal dose was 2.5 g/kg MLSS, and increasing the dose did not significantly improve the process (Korzekwa-Wojtal and Wolny 2008). Wolski et al. (2010) indicated that increasing the dose of Praestrol 658 BC and Praestrol 852 BC from 2.5 g/g MLSS to 3.5 g/ kg MLSS increased the humidity of AS cake from 75.2 to 77.3% and from 75.2 to 78.3%, respectively. A similar phenomenon was observed in the present study when using PRA polymer for dewatering of GS. Increasing the polymer dose from 0.2 to 0.8 g/g MLSS increased sludge cake humidity to about 94%. The dose of polymer should ensure proper sorption of polymer on solid particles and effective formation of polymer bridges. Using too high a concentration of polymers in the dewatering process may lead to an undesirable phenomenon in which the sludge particles are completely covered by polymer chains, which can result in osmotic phenomena that cause particles of dewatered biomass to repel each other (Polowczyk 2016) .
The fact that low polymer doses can enable effective dewatering of GS is very advantageous, not only because this reduces costs, but also because large amounts of polymer may cause problems during further management of dewatered sludge. The presence of polymers may hamper anaerobic stabilization or inhibits efficient compositing of sludge. For example, when a cationic polymer was present in excess AS, anaerobic digestion was slowed and methane yield was decreased. The decrease in methane yield was due to the fact that about 46% of the flocculant was degraded during anaerobic digestion, and the degradation products affected methane production ).
In the present study, there was no clear dependence between the dose of polymer and the SRF value, as was observed in some studies on dewatering of AS. For example, Wolski et al. (2010) AS using weakly, moderately and strongly cationic polymers, and the SRF consistently decreased as the doses of the polymers were increased. In the present study, the SRF was lowest (4.09 × 10 10 ± 1.15 × 10 10 m/kg) with FLOC at a dose of 0.8 g/kg MLSS (Fig. 4) . With FLOP, the SRF was lowest at the lowest dose of this polymer, and increasing the doses increased the SRF in a range from 14 × 10 10 to 23 × 10 10 m/kg. In the case of PRAESTROL k 225l, the filtration resistance decreased with increases in dose from 0.2 to 1.2 g/kg MLSS; however, the SRF increased sharply to 4.3 × 10 11 ± 5.2·10 9 m/kg when a dose of 1.6 g/ kg MLSS was used. During GS dewatering, lower SRF values were not correlated with lower sludge cake humidity. With FLOC-CULANT F-290 and PRAESTROL k 225l, humidity was highest at a dose of 0.8 g/kg MLSS, and at the same time, the SRF value was lowest. This can be explained by the fact that polymer addition causes the surfaces of flocs to have a positive charge, so that water is easily removed from between the sludge flocs, whereas inside the flock, sludge particles have a lesser chance of coming into contact with polymer molecules, so that the interior still has a negative charge, and water is less easily removed from this part of the floc (Saveyn et al. 2005b) . As a result, during dewatering, pores between flocks are easily squeezed and the filtration resistance increases, but little water is removed from within the flocks. Thus, the sludge cakes had high moisture content despite low SRF values when this dose was used.
With all three polymers that were tested, the average SRF values of the GS were about 1 order of magnitude lower than the values reported for AS (Wolski 2016) . Thus, our results indicate that GS is much more susceptible to dewatering than conventional AS.
Conclusion
GS dewatered better than AS, with SRF values around 10 times lower than those of AS. Aerobic stabilization did not affect GS dewatering, but improved AS dewatering. Although GS contained a large amount of EPS (particularly alginate), they were tightly bound in the granule structures, so GS was effectively dewatered with polymer doses much lower than those in reports of effective AS dewatering. GS dewatering was most effective with FLOP (containing aromatic hydrocarbons and isoalkanes); dewatering effectiveness did not correlate with polymer dose. SRF was affected by the type of polymer used; it was lowest with FLOC.
